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============

Anxiety is one of the most prevalent and debilitating psychiatric conditions worldwide; the lifetime prevalence of anxiety disorders is around 17%.[@CIT0001],[@CIT0002] These disorders are usually classified based on the criteria defined by the Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition (DSM-V).[@CIT0003] According to the DSM-V, anxiety disorders include those that share features of excessive fear and anxiety and related behavioral disturbances. These disorders include separation anxiety disorder, selective mutism, specific phobia, social anxiety disorder (social phobia), panic disorder, agoraphobia, generalized anxiety disorder, substance/medication-induced anxiety disorder, and anxiety disorder due to another medical condition.[@CIT0003]

The Global Burden of Disease study found that in 2010, anxiety disorders were the sixth leading cause of disability in terms of years of life lived with disability, in both high-income and low- and middle-income countries. These data account for 390 disability adjusted life years per 100,000 persons (95% confidence interval, 191--371), with the highest burden in women and those aged 15 to 34 years, but with no change over time and no identifiable differences in burdens across regions.[@CIT0004],[@CIT0005]

Anxiety disorders are associated with a broad range of profound negative sequelae. The complexity of mechanisms involved in the pathophysiology of anxiety-related disorders is closely linked to a wide range of clinical conditions and individual functioning.[@CIT0006] Previous studies have reported that patients with some anxiety-related disorders can present an imbalance between the activity of the right and the left dorsolateral prefrontal cortex (DLPFC), with hypoactivity in the left side and hyperactivity in the right side.[@CIT0007],[@CIT0008] As suggested, the hypoactivity of the right DLPFC is associated with negative emotional judgment, while hyperactivity is linked to attentional modulation.[@CIT0007] Similar dysfunctional patterns were found in patients with major depressive disorder (MDD),[@CIT0009] despite this condition being categorized as a depressive disorder (DSM-V). Furthermore, state and trait anxiety might trigger the activation of different areas in the central nervous system (CNS), where high state anxiety is associated with elevated activation of the amygdala and superior temporal sulcus, and high trait anxiety is associated with reduced activation in the lateral PFC, and dorsal and rostral anterior cingulate cortex (ACC).[@CIT0010]

The treatment options for anxiety-related disorders are based on pharmacological and cognitive behavioral therapy interventions. Considering the wide diversity of symptoms and interindividual variability, these conditions are currently undertreated. Pharmacological therapy comprises the prescription of different classes of drugs, such as tricyclic antidepressants, selective serotonin reuptake inhibitors, selective serotonin-norepinephrine reuptake inhibitors, pregabalin, buspirone, benzodiazepines, and others.[@CIT0011] All drugs have significant side effects, for example, nausea, restlessness, headache, fatigue, increased or decreased appetite, weight gain or loss, tremor, sweating, and others that can lead to low adherence to medication. Therefore, alternative and complementary methods that can improve quality of life, and reduce anxiety levels in patients diagnosed with anxiety-related disorders need to be explored.

Brain stimulation techniques have been used as an alternative tool to assess and treat anxiety-related disorders. As shown by diagnostic neuromodulatory techniques, the DLPFC is involved in threat processing.[@CIT0012] An imbalance between the right and left DLPFC, with hyperactivation of the right frontal areas, is involved in the processing of negative emotions and generation of anxiety.[@CIT0013] A recent study showed that inhibitory transcranial magnetic stimulation (TMS), with pulses applied over the left DLPFC, triggers a disengagement bias in highly anxious individuals and determines attentional avoidance in less anxious individuals,[@CIT0013] characterizing the baseline status as a predictive factor of response to treatment.

Along the same lines, transcranial electrical stimulation techniques, such as transcranial direct current stimulation (tDCS), have been applied for the treatment of various anxiety-related disorders, for example, generalized anxiety disorders,[@CIT0014] social anxiety disorders,[@CIT0015] anorexia nervosa,[@CIT0016] and others. tDCS is a simple and cheap technique using two electrodes applied to the scalp. The anode (positive) depolarizes the neuronal membrane threshold, while the cathode (negative) hyperpolarizes it.[@CIT0017],[@CIT0018] This technique has been used in clinical settings using a range of stimulations from 1 to 2 mA of current, with the electrodes applied over specific areas of the brain, according to the required outcome. For example, the suggested imbalance between DLPFC found in anxiety patients may be treated using bicephalic tDCS montage.[@CIT0019] Repeated tDCS sessions might have longer-lasting effects in comparison to a single session.[@CIT0020],[@CIT0021] Despite that the full tDCS mechanisms of action are still unclear, behavioral and psychological changes have been reported in clinical[@CIT0022],[@CIT0023] and preclinical studies,[@CIT0024],[@CIT0025] as well as alterations in cortico-spinal excitability parameters.[@CIT0026]

tDCS is a well-tolerated method of neuromodulation that holds promise for the treatment of many diseases, and has been employed with therapeutic efficacy in patients with major depression (MD), chronic pain disorders, anxiety, and other conditions. Thus, non-invasive central neuromodulatory techniques can be considered as tools to treat or alleviate various anxiety symptoms. The use of off-label therapies, such as tDCS, tends to occur in the setting of diseases that are notoriously resistant to other treatment modalities. In this systematic literature review, we aimed to present the most recent available information regarding the therapeutic efficacy of tDCS for anxiety disorders in humans.

Methods {#S0002}
=======

Search Strategy and Article Selection {#S0002-S2001}
-------------------------------------

A systematic literature review was conducted between June and September, 2019, and was performed by an electronic search of indexed articles in the PubMed, Web of Science, and SciELO and PsycINFO databases, using the following descriptors: "anxiety", "anxious behavior", "tDCS", and "transcranial direct current stimulation". Only articles describing empirical studies written in English were included. Pre-selected articles were independently assessed by two authors for the inclusion criteria, which was as follows: the article described a clinical experiment or case report; the article abstract was publicly available; the study used tDCS; and anxiety-related behavior was a primary study outcome. After excluding duplicates, both authors categorized articles for further analysis.

The process of selecting articles for inclusion in this review was performed in two stages. First, two independent reviewers screened the articles based on the title and selected only relevant articles. Second, the abstracts of relevant articles were assessed to verify that the inclusion criteria was met. After examining the titles and abstracts, a total of 11 articles were found to fulfill all the inclusion criteria. These articles were then fully examined and relevant information was extracted.

Results {#S0003}
=======

Searches of the four databases using the defined descriptors resulted in a total of 217 articles. After excluding duplicates, there were 175 articles available for further analysis. Of these, 11 articles fulfilled all the inclusion criteria, and are described in [Table 1](#T0001){ref-type="table"}.Table 1Description of the Selected StudiesAuthor/YearSubject(s)Anxiety Measure(s)Stimulation PatternBrain RegionBehavioral OutcomeChrysikou et al, 2017[@CIT0027]63 college students (mean age = 19 years, 52% male, 78% Caucasian)16 item Anxiety Sensitivity Index (ASI)Single session of Anodal tDCS at 1.5 mA or ShamAnode left or right dlPFC (cathode contralateral mastoid)tDCS over the right DLPFC decreased approach behavior during conflictCostanzo et al, 2018[@CIT0016]23 adolescents with Anorexia NervosaPsychopathological symptoms (EDI-23, EAT-26, BUT)18 sessions of Bimodal tDCS at 1 mA or ShamAnode left DLPFC and cathode right DLPFCtDCS improved psychopathological symptomsde Lima et al, 2019[@CIT0028]30 patients with Generalized Anxiety DisorderHamilton Anxiety Rating Scale (HAM-A) and Beck Anxiety Inventory (BAI)5 sessions of Anodal tDCS at 2 mA or ShamAnode left DLPFC and cathode right supraorbital areaNo significant improvement in anxiety, mood symptoms of stress, affectivity or depression after tDCSHeeren et al, 2017[@CIT0015]19 female with a primary diagnosis of Social Anxiety DisorderAttentional Bias for threatSingle session of Anodal tDCS at 2 mA or ShamAnode left DLPFC and cathode ipsilateral armtDCS reduced attentional bias\
for threatHosseini Amiri et al, 2016[@CIT0029]60 patients with burn wound carePain Anxiety (self-report) ScaleSingle session of Cathodal tDCS at 1 mA or ShamCathode left or right over sensory cortextDCS reduced anxietyIronside et al, 2016[@CIT0030]60 healthy volunteersEmotional processing tasks, including dot-probe measure of vigilance to threat1 session of Bimodal or Anodal tDCS at 2 mAAnode left DLPFC and cathode right DLPFC or Anode left DLPFC and cathode right supraorbital areaBipolar-balanced montage showed reduced vigilance to threatening stimuliMovahed et al, 2018[@CIT0031]18 patients with Generalized Anxiety DisordersHamilton Anxiety Rating Scale (HAM-A)10 sessions of Anodal tDCS at 2 mAAnode on the contralateral deltoid and cathode on the right PFCAnxiety symptoms\
were reduced by tDCSNishida et al, 2019[@CIT0032]14 patients with major depressive disorder (MDD) and 19 healthy controlsSTAI (State-Trait Anxiety Inventory)1 session of Anodal tDCS at 1 mAAnodal left DLPFC or dorsomedial prefrontal cortex (DMPFC) and cathode left shouldertDCS does not reduce anxiety in MDD patientsSarkar et al, 2014[@CIT0019]25 participants with high\
mathematics anxiety and 20 participants with low mathematics anxiety group comprisedAffective Priming and Arithmetic Decision Task and salivary cortisol1 session of Bimodal tDCS at 1 mAAnodal left DLPFC and cathode right DLPFCtDCS improved reaction times on simple arithmetic decisions and decreased cortisol concentrations in high mathematics anxiety individualsShiozawa et al, 2014[@CIT0033]1 patient with Generalized Anxiety DisordersGeneralized Anxiety Disorder 7-item (GAD-7) Scale and Beck Anxiety Inventory (BAI)15 sessions of Cathodal tDCS at 2 mACathode over DLPFC and anode over the contralateral deltoidtDCS improved anxiety symptomsVergallito et al, 2018[@CIT0034]96 subjectsPositive and Negative Affect Schedule (PANAS) questionnaire1 session of Anodal tDCS at 1.5 mAAnode over rVLPFC and cathode over contralateral supraorbital areatDCS reduced the perceived extent of specific negative emotions (fear, anxiety, and sadness)[^2]

The results highlight that there was high heterogeneity among the selected articles, mainly related to the samples, anxiety measures, tDCS stimulation patterns, and outcomes analyzed. The study sample was comprised of healthy individuals only in three articles; other studies included patients with various disorders, such as anorexia nervosa, generalized anxiety disorder, social anxiety disorder, major depressive disorder, or mathematics anxiety. Furthermore, only one selected study evaluated anxiety levels in patients during burn wound care.

Another interesting key observation was the difference in methodologies used for assessing anxiety parameters. Most studies employed questionnaires or scales, including the Anxiety Sensitivity Index (ASI) Scale, Hamilton Anxiety Rating Scale (HAM-A), State-Trait Anxiety Inventory (STAI) Scale, Generalized Anxiety Disorder 7-item (GAD-7) Scale, Beck Anxiety Inventory (BDI) Scale. As for the assessment of outcomes, different approaches were also taken, for example, attentional bias, arithmetic decisions, and Positive and Negative Affect Schedule (PANAS) scores were used for assessing the specific conditions of induced anxiety or anxiety-state frames.

The main aspects concerning the montage, region, and pattern of tDCS stimulation were that most studies used anodal stimulation over the left DLPFC and when bilateral stimulation was applied, the cathodal electrode was placed over the right DLPFC. In addition, different areas were stimulated: the sensory cortex, dorsomedial PFC, or ventrolateral PFC areas. Another interesting point was that the articles describe single and repeated sessions of tDCS that varied between 5, 10, 15, and 18 sessions. The intensity of current stimulation varied between 1 and 2 mA, being both safe for use in clinical settings.[@CIT0035]--[@CIT0037]

The benefits of tDCS (unimodal or bimodal) as outcomes were described in nine articles. tDCS reduced anxiety symptoms, approach behavior during conflict, attentional bias for threat, vigilance to threatening stimuli, and perceived extent of negative emotions, such as fear, anxiety, and sadness, and also improved reaction times on arithmetic decisions. However, a single session of anodal tDCS (1 mA) was not able to reduce anxiety in MDD patients. Furthermore, no significant improvement was observed in anxiety, mood, affectivity, or depression after 5 sessions of anodal tDCS in patients with generalized anxiety disorder.

Discussion {#S0004}
==========

Overall, we reviewed 11 articles. In support of previous studies, nine of these articles showed that the effects of tDCS applied to the scalp are dependent on the montage and polarity of electrodes (anodal or cathodal), and the site of stimulation (right or left DLPFC, DMPFC, VLPFC, and others). In addition, tDCS was able to directly modulate anxiety levels in patients with some anxiety disorders,[@CIT0029],[@CIT0031],[@CIT0033] or change behavior during conflict or threat in healthy individuals.[@CIT0027],[@CIT0030]

The articles selected for this review highlight the role of the DLPFC in anxiety behaviors, as well as the fact that the imbalance between the right and left DLPFC may contribute to some anxiety symptoms. This suggests that anodal stimulation over the left DLPFC and cathodal stimulation over the right DLPFC are more effective for the treatment of anxiety symptoms in humans ([Figure 1](#F0001){ref-type="fig"}). Moreover, studies using tDCS techniques might augment knowledge regarding diverse clinical conditions, as the activation or deactivation of CNS areas through weak electrical currents may also induce similar behaviors to those present in these conditions.Figure 1(**A**) Schematic representation of dysfunctional cortical brain regions in anxiety patients: hyperactivation of right and/or hypoactivation of left frontal cortical regions produce negative emotions. (**B**) Most common used montage of electrode placement for the treatment of anxiety: modulation of brain activity using tDCS (cathode right, anode left) improves anxiety symptoms by regulating the balance of brain activity.**Abbreviations:** GAD, Generalized Anxiety Disorder; DLPFC, Dorsolateral Prefrontal Cortex; VLPFC, Ventrolateral Prefrontal Cortex.

Neuropsychiatric conditions are difficult to treat since classical drug therapies are related to several side effects and poor clinical efficacy. In this context, neuromodulatory techniques, such as tDCS, have been studied to treat neurological diseases including depression, anxiety, epilepsy, drug addiction, and others. It is important to note that this technique is easy to apply, simple, and cheap. Advanced tDCS devices can contribute to the effectiveness of treatment for different conditions, when considering home-based applications.[@CIT0038]

Different approaches were taken to assess the behavioral response in patients with different levels of anxiety or healthy individuals submitted to some anxiety situations. A case report study described one patient (female, 58 years old) with progressive GAD,[@CIT0033] where repeated cathodal tDCS stimulation over the right DLPFC decreased anxiety levels. After 1 month of treatment, this patient was asymptomatic. It is important to note that the authors point out that, theoretically, cathodal stimulation could decrease the activity of the right DLPFC, and thereby subsequently decrease the activity of other cortical and subcortical brain regions (such as the medial PFC, amygdala, and insula).[@CIT0039] In addition, the authors did not rule out the involvement of the left DLPFC, which might be modulated by deactivation of the right DLPFC after cathodal tDCS. Despite the fact this study is a case report, the benefits found in that patient using tDCS for GAD should encourage further controlled and randomized trials to verify the effect of tDCS on different types of anxiety.

Anodal tDCS over the left DLPFC reduced attentional bias for threat in female patients with social anxiety disorder using a crossover design.[@CIT0015] As suggested by Bishop and colleagues,[@CIT0040],[@CIT0041] the DLPFC exerts control over the amygdala. When control over the amygdala by the DLPFC fails, patients present higher attentional bias. Despite the small sample size, the authors found benefits from anodal tDCS treatment.

Movahed and colleagues[@CIT0031] compared the effectiveness between tDCS, sham-tDCS, and pharmacological treatment for reducing anxiety, depression, and worry in patients with GAD using a quasi-experimental design. This study showed that repeated cathodal tDCS over the right PFC decreased worry and depression, although changes in anxiety levels were not observed. Despite the benefits of tDCS for patients in this study, some important aspects of the methodology could have biased the results, for example, the small sample size, the non-random sex distribution, missing information concerning pharmacological therapy, and no clear data analysis.

A recent pilot double-blind, randomized sham-controlled trial,[@CIT0028] tested the effects of five sessions of anodal tDCS over the left DLPFC in 30 GAD patients. This study showed no improvement after tDCS in anxiety, mood symptoms of stress, affectivity, or depression. However, the authors observed beneficial effects of tDCS in the physical symptoms of patients.

It is important to note, despite that the studies using a single session of tDCS showed benefits, as measured by the behavioral assessment of healthy individuals, there was no similarity in the outcomes analyzed. This was because those studies used different methodologies, including site of stimulation, anxiety measures, and behavioral outcomes. Chrysikou and colleagues[@CIT0027] showed that anodal tDCS over the right DLPFC in healthy individuals decreased approach behavior during conflict, taking into account the anxiety baseline level (subclinical levels of anxiety) of the individuals under study. The results of this study corroborate previous studies,[@CIT0013],[@CIT0042] which showed that the right DLPFC is involved in anxiety symptoms. This suggests that cathodal stimulation over the right DLPFC may be a treatment option to improve anxiety symptoms in humans. Otherwise, this study suggests that anodal tDCS stimulation over the right DLPFC may secondarily affect different central structures (cortical and subcortical), impacting the outcomes measured.

In addition, Ironside and colleagues[@CIT0030] assessed the effect of tDCS on a battery of emotional processing measures sensitive to antidepressant action. DLPFC stimulation was carried out using two common (bimodal or unimodal) electrode montages and compared to a sham control. The authors found that tDCS bimontage over the DLPFC reduced vigilance to threatening stimuli. This significant reduction in fear vigilance is similar to that seen with anxiolytic treatments of the same cognitive paradigm.[@CIT0030] Changes in the processing of threatening information promoted by tDCS suggests a potential cognitive mechanism that can be related to treatment effects in clinical settings. Furthermore, a single session of anodal tDCS over the right VLPFC reduced negative emotions, such as fear, anxiety, and sadness, in healthy individuals.[@CIT0034] However, the authors highlighted that the nonfocal action of tDCS might additionally activate nearby areas, such as the DLPFC, and could not rule out the connection between adjacent areas in regulating emotion. In this context, it is possible to conclude that tDCS exhibits therapeutic effects in healthy individuals, modulating diverse aspects of emotion, vigilance, and conflict.

In a controlled randomized clinical trial, Hosseini Amiri and colleagues[@CIT0029] evaluated the effects of tDCS on pain anxiety in 60 patients with severe burns, immediately after wound dressing. Cathodal stimulation (20 min, 1 mA) over the sensory cortex reduced the mean pain anxiety score of 17.2% in the experimental tDCS group, compared to the sham stimulated group. According to the authors, despite promising results, future studies might determine whether repeated sessions of stimulation have better results over single interventions, and how long these effects last.

Focusing on the immediate impact of tDCS and its association with pre-stimulus brain activity (measured using EEG), Nishida and colleagues[@CIT0032] applied anodal tDCS at 1 mA in a single session of 20 min to the left DLPFC or DMPFC in 14 patients with MDD and 19 healthy controls. Regarding the left DLPFC stimulation site in patients with MDD, these findings show that the anxiety reduction effect of tDCS was related to higher baseline theta-band activity in the rostral anterior cingulate cortex (rACC). In contrast, the anxiety reduction was associated with higher baseline alpha activity in the precuneus in the healthy control group. For DMPFC stimulation, the anxiety reduction effect was associated with lower baseline alpha-band activity in the left inferior parietal lobule. In contrast, the anxiety reduction effect was associated with higher baseline alpha activity in the precuneus during DMPFC stimulation in healthy controls. The results of this study suggest that the association between pre-tDCS brain activity and the anxiety reduction effect of tDCS depends on the psychopathology (depressed or non-depressed), as well as the site of stimulation (DMPFC or left DLPFC), and that the tDCS response might be associated with baseline resting state electrophysiological neural activity.

In a placebo-controlled, double-blind, crossover experiment in 45 individuals with no history of psychiatric or neurological disorders screened for low and high mathematics anxiety, Sarkar and colleagues,[@CIT0019] using the case of mathematics anxiety in a sample of healthy individuals, showed that identical tDCS patterns exert opposite behavioral and physiological effects depending on individual trait levels. Bilateral tDCS was applied to the DLPFC (anode left, cathode right), which improved reaction times on simple arithmetic decisions, and decreased salivary cortisol concentrations in high mathematics anxiety individuals. In contrast, in low mathematics anxiety individuals, tDCS impaired reaction times and prevented a decrease in cortisol concentration compared with sham stimulated individuals. Both groups of individuals showed tDCS-induced side effects, clearly demonstrating that brain stimulation does not produce uniform benefits, even when applied in the same configuration during the same tasks, but may interact with traits to produce markedly opposite outcomes.

It is interesting to note that there is a limited number of published articles with similar methodologies or diagnostic criteria, according to two recent previous reviews. Vicario and colleagues (2019) examined all available research using repetitive transcranial magnetic stimulation (rTMS) and tDCS for the treatment of specific phobias, social anxiety disorder, panic disorder, agoraphobia, and generalized anxiety disorders. The search highlighted 26 studies: 12 of these were sham-controlled 15 were not. With regard to the latter sub-group of studies, nine were case reports, and six were open label studies.[@CIT0043] Also, Hampstead and colleagues (2016) reviewed the literature concerning disrupted neural circuitry in post-traumatic stress disorder (PTSD) and discussed the rationale for the commonly targeted prefrontal cortex (PFC), as it relates to PTSD. They then reviewed the few prior (case) studies that evaluated tDCS in patients with PTSD (one study) and other anxiety disorders (GAD, panic disorder, OCD) (four studies).[@CIT0044]

In summary, it is difficult to draw a conclusion about the effectiveness of tDCS in anxiety frames based on the results of the articles selected for inclusion in the current review. These studies used different methodologies, small sample sizes, a broad range of anxiety disorders, non-standard tDCS montages, and analyzed diverse behavioral outcomes. However, it is interesting to note a recent increase in the number of studies interested in the use of tDCS for treating anxiety disorders, and some of them clearly show the benefits of tDCS for treating anxiety symptoms. As many authors suggested, it is impossible to rule out the benefits of tDCS being caused by activation of secondary areas of the CNS beyond the target areas, the size of the electrodes, or the in influence of interconnected areas such as the PFC and limbic areas.

Conclusion and Perspectives {#S0005}
===========================

The development of further high quality studies are encouraged in this field, with better experimental designs, using double-blind randomized trials, and including assessment of repeated sessions of tDCS (at least 10), as suggested by Brunoni and colleagues,[@CIT0045] and the long-term benefits of tDCS in GAD patients.

In conclusion, using tDCS in clinical research for anxiety has a short history compared to other interventions such as pharmaco- and psycho-therapies. Despite the low number of studies carried out thus far in this field, some promising results may lead to interesting future interventions. In addition, it is important to investigate additional or complementary therapies for anxiety disorders, as these conditions have a high prevalence in today's society.
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